Introduction
Successful communication between an emitter and a receiver relies on undisturbed signal transfer through the medium separating them, as well as the receiver's ability to detect and recognise the signal(s). The hypothetical maximum active space, or »reach« of a signal under natural conditions is narrowed by signal degradation during transmission and, more significantly, by ambient noise. Noise as a factor that influences communication has been a subject of increasing research attention, especially concerning the impact of anthropogenic noise on social interactions of wild animals.
There are several strategies that animals employ as a solution to the problem of ambient noise masking their communication signals, both at the emitter's and the receiver's side [1] . The most obvious solution is increasing signal amplitude, termed the Lombard effect after its discoverer in human speech and also described later in other mammals [2] and birds [3] . Repeating signal components, the so-called serial redundancy, can also serve to maintain the amount of information transmitted in the presence of noise [4] and noisedependent adjustment of serial redundancy has been described in such diverse taxa as grasshoppers [5] and king penguins (Aptenodytes patagonicus) [6] . The inhibition of signalling by noise can improve the chance of successful signal transmission as well by causing the animals to signal during periods of low noise levels. Such inhibition has caused a shift in timing both on short and long time scales in various animal taxa [7] . In the context of competitive signaling it causes the individuals to alternate, therefore forming choruses [7] . Finally, there is evidence of short-term frequency altering in the presence of noise within a narrow frequency band, most notably in frogs [8] and birds [9, 10] . At the receiver's side, favourable signal-to-noise ratios can be gained simply by positioning closer to the signal source or further from the noise source. Apart from that, extracting relevant signal features from background noise is a task for the sensory
The effect of vibratory disturbance on sexual behaviour of the southern green stink bug Nezara viridula (Heteroptera, Pentatomidae) system, where several modifications have evolved for filtering out the noise. The modifications are similar across diverse animal taxa and probably represent ancient evolutionary adaptations to noise [1] . The focus of our research was the impact of acoustic noise on the communication system of the southern green stink bug Nezara viridula (L.), whose sexual behaviour consists of long-range mate location by pheromones, and short-range location, mate recognition and courtship by substrate-borne signals (»songs«) [11] [12] [13] [14] [15] [16] , and serves as a model for the Pentatomidae. The behavioural sequence starts with a sexually mature male producing a volatile pheromone, which attracts both adults and larvae to the same host plant [11, 17, 18] . Females respond by emission of the female calling song (FCS), which in turn stimulates the male to increase pheromone production [16] . FCS triggers male emission of the calling (MCS) and courtship (MCrS) song which both keep female calling [19] . Vibrational directionality observed on plant's crossings has been shown to be mediated by signals emitted by the female [20] .
Signals are characterised by distinct temporal (duration, repetition rate), and spectral parameters (dominant frequency, bandwidth, frequency modulation), the former of which impart species specificity [21] . Both duration and repetition rate are important in signal recognition. Sex-and species-specific mating songs have been described in N. viridula and related stink bug species [22, 23] . Their spectra are generally characterised by narrow low frequency peaks with the dominant frequency ranging between 70 and 130 Hz [23] . The frequency characteristics are well tuned with the resonant properties of the animals' herbaceous host plants and are transmitted with very little attenuation through the whole plant [24] . Such efficient transmission creates an interesting problem for locating the emitter: bending waves produced by animals and other sources reflect from the top and the bottom of the plant, and by phase addition, the incoming and reflected vibrations create a pattern of standing waves -series of minimum and maximum velocity values whose position depends on plant geometry and signal frequency [25] . The consequence is that velocity does not decrease proportionally with distance and the receiver is thus unable to discern the direction of the emitter using this signal parameter.
MCS is the most variable song type, it consists of spectrally different pulses less than 300 ms in duration, repeated in most populations every 500 ms. MCrS pulse trains, which are several seconds long, are not regularly repeated. FCS consists of two types of pulse trains, approximately one second in duration and repeated regularly every 4000-5000 ms. FCrS pulse trains are several seconds long with irregular amplitude modulation and temporal structure. Only FCS is emitted in long bouts which can be 20 minutes in duration [15] .
Until now, mating behaviour and communication with substrate-borne signals have been investigated in noise-free conditions. In natural conditions noise limits the range of communication by reducing the receiver's ability to detect a signal or distinguish signals from one another [26] . Biotic noise includes coinciding signals with similar frequency emitted by other individuals [26] . Sexually active N. viridula females start to signal when attracted to the vicinity of the male by his pheromones [11] . Furthermore, several syntopic Pentatomid species communicate with signals of similar spectral properties [23] . We can therefore assume that many animals are trying to signal at the same time in the same acoustic environment which results in a significant competition for this part of the frequency spectrum. Coinciding signals from conspecific and congeneric signalers present a significant problem for detection of individuals, because the spectrum overlapse renders useless frequency filtering for improving signal-to-noise ratio [27] . There are also syntopic congeneric species, such as N. antennata, that produce signals in the same frequency range [12] . Filtering incoming signals by frequency as a means of reducing masking by congeneric signalers has been described in the bushcricket Sciarasaga quadrata [28] , but the spectrum overlap makes the existence of a similar mechanism in N. viridula unlikely. Sexual partners rely on temporal structure of the signals to localize and recognize the mate instead [29] and recognition is thus vulnerable to masking by conspecific and congeneric signals, and to some extent by abiotic noise.
Abiotic noise is not as important in this case, as it usually does not exhibit characteristics interfering with the signals. Ambient noise caused by wind is characterised by low frequency, narrow-band vibrations with peaks between 10 and 50 Hz, and anthropogenic noise, such as that produced by passing vehicles, is long lasting with wider frequency peaks of around 700 Hz [30] , both of which are outside the frequency range of N. viridula vibrational receptors. Nevertheless, it has been demonstrated that vibrations produced by rain drops and leaves colliding in wind have similar spectral characteristics to signals produced by insects [30] , and could also contribute to the noise level perceived by an individual. Low frequency aerial vibrations, produced by a harmonium and picked up by plants, have been shown experimentally to interrupt vibrational communication and mating in a leafhopper and a planthopper [31] .
The one-dimensional acoustic environment of N. viridula signalers leaves little room for altering signal properties in response to noise. Increasing amplitude is an unreliable solution due to random amplification and attenuation of signals at different distances from the emitter. Specific signal duration and repetition rate are important for species recognition, so significant variation in temporal properties is not an option. Dependence on repetition rate also rules out chorusing, because emitting signals in the silent period between a rival signaler's signals would double the repetition rate from the receiver's perspective and make it fall well outside the species' specific range. Finally, large changes in call frequency are unlikely due to reliance on resonant properties of host plants which amplify only signals in a relatively narrow frequency range [24] . Our working hypothesis was therefore that animals of both sexes temporarily stop communicating in crowded conditions where many animals try to signal at the same time. We tested this hypothesis by subjecting mature animals of both sexes to continuous vibrations resembling the female signals in amplitude and frequency, which corresponds to many overlapping female signals, and observing their sexual behaviour.
Experimental Procedures

Rearing
The animals used for experiments were first generation offspring from southern green stink bugs (Nezara viridula) collected on the Slovenian coast and reared in the laboratory in plastic boxes (38×23×23 cm) at [22] [23] [24] [25] [26] o C, 70-80% relative humidity and 16:8 h light:darkness cycle. Animals were fed raw peanuts Arachis hypoaea (L.), sunflower seeds Helianthus annus (L.), common bean plants Phaseolus vulgaris (L.), and soybean plants Vigna mungo (L.). The first generation egg masses were kept separately in petri dishes until hatching. The larvae were then transferred to plastic boxes and kept under the same conditions as parents. Immediately after the last moult, the adults were separated by sex and kept in separate boxes. To ensure sexual maturity, we used adult animals around 14 days after the last moult for experiments [32] .
Experimental setup
The experiments were conducted at [21] [22] [23] [24] [25] [26] [27] o C in an anechoic chamber (FA. Amplaid, Italy) at the Department of Entomology of the National Institute of Biology, Ljubljana, Slovenia. Experiments took place on common bean plants P. vulgaris (L.) with approximately 20 cm long stem with two leaves of about 8 cm width and length on 2 cm long stalks ( Figure 1 ). Two vibration-generating devices were attached to the plant with Blu Tack putty, each constructed from a loudspeaker (Raveland WHX 108) with a plastic cone (3,8 cm long, 1,3 cm wide at the base) glued to the middle of the membrane. The lower vibration-generating device, used to generate continuous disturbance stimulus, was attached by the tip of the cone to the stem 2 cm above the soil and was connected to a function generator (Philips PM 5175). For the purpose of this study, we define »disturbance signals« as all signals that can mask signals used for communication in a given emitter-receiver system, in this case FCS signals emitted by a N. viridula female. The upper vibration-generating device was used to generate female signals and was attached to the tip of a leaf. Signals were applied via a computer sound card (Creative Audigy Pro 2, Creative Labs, Singapore). A laser vibrometer (OFV 2200 controller, OFV 303 measuring head, Polytec GmbH, Waldbronn, Germany) was used to detect vibrations of the plant. A laser beam was directed perpendicular to the leaf stalk at a point 0.5 cm below the leaf-stem junction. A fresh bean plant was used for every experiment.
Experiments with males
Stimulation was conducted with a combination of female signals (FCS) and a continuous disturbance signal ( Figure 2 ). Both signal types were pure tone 100 Hz vibrations applied to two different points on the bean plant ( Figure 1 ). Artificial FCS signals had 1500 ms duration with 125 ms rise and fall time, and were repeated every 6500 ms. Continuous disturbance stimulus was played for the entire duration of a trial. The velocity of both vibrational stimuli at the stem-leaf junction was 1 mm/s. On other parts of test plants it varied from 0.5 mm/s to 7.3 mm/s.
For a control, we played only artificially synthesized female signals. In order to estimate male activity without the presence of female signals, two additional control trials were conducted, each with 8 males. In the second control only continuous disturbance stimulus was played The effect of vibratory disturbance on sexual behaviour of the southern green stink bug Nezara viridula (Heteroptera, Pentatomidae) and in the third control no stimulus was played. Each male was placed on a host plant's leaf opposite to the leaf vibrated by the upper vibration-generating device.
The plant was vibrated with artificial female signals by the vibration-generating device attached to the leaf and with continous 100 Hz disturbance stimulus by the vibration-generating device attached to the stem. We used different males for each stimulus condition. Males reared from the same parental population were used for all the experiments. The same males were tested once per day for up to 7 consecutive days and the results for each stimulus condition were combined. Together we performed 48 experiment and 47 control trials with 17 and 19 males, respectively. For the additional two controls we used two groups of 8 males each.
The test was terminated either when a male reached and touched the vibration-generating device attached to the leaf, left the plant, or remained in one place for 10 minutes. We measured the time the males needed to arrive at the leaf junction, at the base of the opposite leaf, and at the tip of the upper vibrationgenerating device, reproducing the female calling song (Figure 1) . The arrival was defined as the male touching of the selected point with one of his appendages.
Experiments with females
Females were placed on a bean leaf and their vibrational signals were recorded with the laser vibrometer. For experiments we selected the females that started to signal in the no stimulus condition or when stimulated only by the presence of a male (waved around the plant on a stick with no physical contact with either the plant or the female). Recordings made in such conditions then served as control for signal parameters. The selection procedure yielded 28 signalling females, 14 of which emitted enough signals for statistical analysis of their control trial.
The experiments were conducted at least 24 hours after the control trial for each female. After emission of 10 FCS signals of constant repetition rate in the no-stimulus condition, the female was stimulated with pure-tone disturbance stimulus of 80, 100, 110, or 115 Hz lasting one minute. The frequency was chosen before the experiment to match as closely as possible the frequency of female signals emitted during control trials. Stimulation was followed by a silent period (nostimulus conditions-the pause) the length of which depended on the time needed for female to emit 10 FCS signals of constat repetition rate. If the female continued to signal during the pause, she was stimulated again with a one minute disturbance stimulus of the same frequency as before. Stimuli were reproduced by the vibration-generating device attached to the stem. Each trial was terminated 30 seconds after the last stimulus playback. The two stimulus playbacks divided each trial into 5 phases: »start«, »first stimulus«, »pause«, »second stimulus«, and »after stimulation«. We counted the number of females that either stopped signalling completely or changed the rhythm of their song during each phase after »start«. Rhythm changes were defined as skipping one or more FCS signals, emitting at least one pulse of female repelling song (FRS), or both, then continuing with regular FCS. We also measured duration, repetition rate, and dominant frequency of regularly spaced FCS signals in each phase.
Data acquisition and analysis
Laser vibrometer recordings were digitised using a computer sound card at 8 kHz sample rate and stored on a hard drive for further analysis. Signal properties were measured using Raven software (version 1.0; Cornell Lab of Ornithology) for temporal and SoundForge software (version 6.0; Sonic Foundry inc.) for spectral parameters (Fast Fourier Transform, window duration the same as the signal duration, FFT size 32.768, Blackman-Harris smoothing window).
Proportions of males from test and control runs were compared with Chi-square tests of homogeneity, and individual pairs checked with t-tests for proportions where Chi-square tests showed significant differences. The average time males needed to arrive at specified points on the host plant was compared among test and control groups using t-test (P<0.05).
For the purpose of comparing female responses the females were placed in one of three groups according to how closely their starting average dominant frequency matched the previously set stimulation frequency: (1) 5 Hz or less difference, n=12; (2) 5.1 to 10 Hz difference, n=13; (3) more than 10 Hz difference, n=31. All signal parameters in each phase of the experiment with females were first checked for normality using a goodnes of fit test (P>0.01) and values of each parameter in phases where the distribution was not normal were excluded from the analysis. Then, differences in the averages were tested using ANOVA, and individual pairs of averages were checked using t-tests, where ANOVA showed significant differences.
Results
Males
Males responded to stimulation with artificial female calling song (FCS) signals by moving towards the signal source and/or by the emission of their own vibratory songs. In 81% of trials (n=39) the tested males responded to stimulation with FCS and 48% of trials (n=23) when FCS stimulation was reproduced simultaneously with 100 Hz disturbance stimulus (Table 1) . A higher proportion of responding males emitted the courtship song (MCrS) when stimulated with FCS alone. Compared with the first control group, the 100 Hz stimulus did not change significantly the proportion of males searching for the FCS source (twosample t-test between proportions, H 0 : P exp = P contr, P=0.48), as well as the time spent for searching (T-test, H 0 : mean time equal; for stalk/leaf junction P=0.14; for opposite leaf P=0.59; for vibration-generating device tip P=0.77). The time males needed to arrive to the stalk/ leaf junction was 276±169 s (n=12) (control 1, 190 ± 120 ms, n=16), to the opposite leaf 203±90 s (n=4) (control 1, 245±161 s, n=7) and to the vibration-generating device tip 289±145 s (n=3) (control 1, 327±178 s, n=4).
Females
39% of the females (n=22) stopped signalling before the end of the trial. Some of the females changed FCS rhythm by skipping one or more signal intervals or emitting at least one pulse of FRS instead of the FCS pulse during singing bout (Figure 3) . The three groups did not differ markedly in the proportion of females changing FCS signal rhythm during each experimental phase, so we combined the results from all three groups and compared female responses in different phases using two sample t-tests between proportions (Figure 3 ). Only the difference between both stimulation phases and »after stimulation« phase was significant (P=0.01 and 0.02, respectively), The difference between »first stimulation« and »pause« was nearly significant The effect of vibratory disturbance on sexual behaviour of the southern green stink bug Nezara viridula (Heteroptera, Pentatomidae) (P=0.07) and the difference between »pause« and »second stimulation« was not significant (P=0.14). Females in control trials (without vibrational stimulation) emitted FCS in long bouts that normally lasted over one minute, with 6 females still signalling when the trial was finished after 5 minutes of signalling. The coefficient of variation for dominant frequency was in all 15 females the lowest among analysed parameters, ranging from 0.02 to 0.05 (0.03 in most cases). The coefficient of variation varied between 0.07 and 0.21 for repetition rate and signal duration (or 0.07 to 0.14 excluding two trials with less than 20 data points).
The proportion of females who changed the dominant frequency when stimulated (t-test of signal values in phases »start« and »first stimulation«, P<0.05) corresponded to the match between frequency of the disturbance stimulus and dominant frequency of FCS pulses emitted in the »start« phase (Figure 4 ). When the difference was 5 Hz or less (group 1), the change was observed in 77% of females (n=7). When the difference was between 5 and 10 Hz, the change was observed in 29% of females (n=4) and when it was more than 10 Hz, the change was observed in 10% of females (n=3). There is a significant difference of proportions between the first and the third group (two sample t-test between proportions, P=0.005), but no significant difference between the first and the second or the second and the third group (P=0.18 and P=0.19, respectively), even though a trend is indicated. However, the three cases of frequency altering in the third group of females and one in the second group are not directly comparable to other changes because the females in these cases changed the FCS frequency such that it was closer to the stimulation frequency. On average, females from the first group changed their FCS frequency by 5±4 Hz so it was 8±3 Hz away from the frequency of the disturbance signal (n=7), while those from the second group (not counting the one case of changing FCS frequency towards frequency of the disturbance signal) changed it by 7±3 Hz so that it was 14±3 Hz away (n=3).
After the first stimulation, females emitted FCS signals either with starting, altered, or completely different frequency with no apparent rule except that all values remained within the species' range (between 70 and 130 Hz). The responses during the second repetition of stimulation could not be evaluated statistically because of frequency shifts and females that stopped signalling before the second stimulation phase. This is why only 5 females could be classified as belonging to the first group and 5 in the second group for the purpose of comparing signal parameters. It is interesting to note, however, that two females from the first group responded to each stimulus with equal changes in their dominant frequency, and returned the frequency to the starting level in each subsequent period of no stimulus. We observed no such regular response in other groups. To rule out the possibility that the altered frequency was an artefact of females attempting to increase the strength of the signal, we made an additional comparison of those two parameters (linear regression -H 0 : regression line = 0, H 1 : regression line ≠ 0). Among the 14 cases of frequency altering in response to stimulation in all three groups, there were only two where frequency and amplitude correlated, one strongly significant (P=0.008), and one weakly significant (P=0.04). In both cases the correlation was positive (correlation coefficients of 0.62 and 0.34, respectively). We found a significant correlation between frequency and amplitude in only one control female out of 10 (P=0.03; correlation coefficient = 0.27).
The proportion of females in which the change of signal duration or repetition rate was observed (t-test of signal values in phases »start« and »first stimulation«, P<0.05), was equivalent in all three groups (Chi-square test for homogeneity, P<0.1). When stimulated, 36% of females (n=19) changed signal duration and 31% of females (n=15) changed repetition rate. Different sample sizes for both parameters were due to females that emitted only stand-alone FCS signals during one of the experimental phases, whose repetition rate could not be established and were classified as rhythm changes (Figure 3) . Due to the non-normal distribution of signal parameters we discarded two sets of signal duration results for the first stimulation and two for the second stimulation, plus five sets of repetition rate results for the first stimulation and four for second stimulation in 
Discussion
Vibratory signals of the southern green stink bugs exhibit stable temporal and spectral properties, a combination of which is involved in mate recognition and localization. The time parameters of the signals are more species specific than the frequency characteristics and are as such more important for species recognition [19] . On the other hand, the onset of the signal and its duration are susceptible to masking by noise, including overlapping signals which cannot be discerned one from another [26] . We tested this assertion by subjecting males to female signals and continuous stimulus of the same frequency and amplitude. Significantly less males responded to female signals when subjected to continuous disturbance stimulus compared with those stimulated with only FCS. Results from the control groups are similar to those obtained in investigation of searching behaviour of males in the presence or absence of the FCS with a comparable experimental set-up [20] . On the other hand, searching males exposed to FCS only and those exposed to both FCS and disturbance stimulus did not differ significantly in time needed to reach the source (searching time). It is possible that in some parts of the plant female signals were amplified unproportionaly above the 100 Hz disturbance signal level, because of standing wave phenomenon described before. That would enable the males to recognise and localise the source despite the disturbance.
The results of our experiments indicate that females continue signalling despite external »noise« and thus provide males cues for their location on a plant, irrespective of biotic or abiotic vibratory disturbances. When stimulated, some of the females skipped one or more signal periods, but continued with FCS afterwards. In Orthoptera, overlapping acoustic signals have been shown to delay or even inhibit the signaler's rhythm in playback experiments [33] . Such phase delay mechanisms are common in animals communicating with airborne sounds [7] and are used for evading jamming by neighbours. Phase delay causes the signalers to alternate, which makes individual signals audible. As mentioned before, rhythm delays are unlikely in the N. viridula communication system because in the one-dimensional acoustic environment of the plant chorusing causes the repetition rate to double from the receiver's perspective, which would then fall outside the species-specific range. The females skipped whole signal intervals instead, but the results are not significant enough to suggest that this was a response to the stimulus. Contrary to the working hypothesis, the females did not remain silent for the whole duration of the disturbance, but continued with their regular rhythm shortly afterwards in most cases. The other notable effect of the disturbance stimulus was increased emission of the female repelling song (FRS), which functions to silence a calling or courting male [15] . Generally, the FCS pulses prevailed in all recordings once the basic rhythm was established.
Analysis of female calling song parameters revealed other responses to continuous disturbance stimulus which may serve to enable mate recognition and localisation in noisy conditions where alternation is not an option. Contrary to the wide frequency range of N. viridula FCS signals, both between females and between singing bouts of individual females [14] , the signals within singing bouts of uninterrupted control females exhibited low variation in dominant frequency. But when females were exposed to the disturbance stimulus with a frequency similar the frequency of their signals, they changed the dominant frequency away from the disturbance. The proportion of females that changed the dominant frequency corresponded to the match between the dominant frequency of FCS signals emitted before stimulation and the frequency of disturbance stimulus. Among females with the FCS dominant frequency close to the frequency of disturbance stimulus, almost every female changed the dominant frequency of their calls during the first playback. In females where FCS dominant frequency and the stimulation frequency differed by more than 10 Hz, only 10% changed the dominant frequency, and in the intermediate group the rate of change was also intermediate, although not significantly different from either the first or third group. Some females changed the dominant frequency of FCS after the minute of stimulus playback as well, but not necessarly back to the value before the stimulation. We believe that the frequency shift as a response to vibration with matching frequency is therefore random within the species' specific range.
Matching of emitted signal features and receptor sensitivity is considered to be a basic requirement of acoustic communication. Receptor sensitivity must follow the frequency and intensity of signals used for communication, and their match is a consequence of reciprocal selection between the emitter and the receiver [34] . In our experiments, southern green stink bug females altered the dominant frequency of the FCS signals within the range of maximum receptor sensitivity of males [35] . Male southern green stink bugs respond to female calling song signals with frequencies between 50
The effect of vibratory disturbance on sexual behaviour of the southern green stink bug Nezara viridula (Heteroptera, Pentatomidae) and 200 Hz (Žunič et al., in preparation). The dominant frequency of N. viridula FCS varies individually and between populations [15] , but the preference of males to respond to FCS of its own population has been demonstrated only on the basis of recognition of time characteristics [36] . The frequency discerning ability of N. viridula individuals has not been evaluated yet, but it is known that vibrational receptors respond phasically to each sine wave by at least one spike potential [35] and could theoretically provide enough resolution for subsequent frequency analysis in the animal's central nervous system. Frequency altering within singing bouts as a response to competing signalers has been to our knowledge described until now only in frogs and toads [8] .
Presentation of the disturbance stimulus did not significantly affect other FCS parameters. One third to half of the females from all groups changed the repetition rate and/or pulse duration during stimulation. The change of these parameters can not be compared with altering of the dominant frequency, because the proportion of females in which the change was observed was small and the magnitude of changes in individual females was in the range of normal parameter variability.
We can conclude that disturbance stimuli of frequencies close to that of female calls influence sexual behaviour of both male and female N. viridula. Fewer males search for the calling female when simultaneously exposed to the disturbance stimulus, and fewer males respond to the FCS. Presence of a disturbance stimulus, on the other hand, does not influence the time needed to reach the signal source. Females ignore the disturbance signal or react either by interrupting their signalling or by changing the dominant frequency of their calls away from the disturbance signal frequency. This study used only one type of disturbance stimulus and is thus preliminary and demands further research to distangle the causes of animal responses.
